ABSTRACT The deÞnition and phylogenetic placement of the autogenous molestus form of Culex pipiens has puzzled entomologists for decades. We identiÞed genetic differences between Cx. p. pipiens (L.) and Cx. pipiens f. molestus Forskål in the SH60 fragment described previously. Single-strand conformation polymorphism analysis, cloning, and sequencing of this fragment demonstrated high polymorphism within and among individual
Culex pipiens f. molestus Forskål is a morphologically identical ecological biotype of Culex pipiens pipiens (L.) deÞned by a host of behavioral and physiological characteristics. In contrast to Cx. p. pipiens, Culex pipiens f. molestus has the ability to produce eggs without a vertebrate bloodmeal (autogeny); can mate in conÞned spaces (stenogamy); foregoes winter diapause; occupies subterranean environments with limited surface access; and feeds readily on mammals, including humans (Mattingly 1952 , Vinogradova 2000 . The potential public health importance of the mammal-feeding molestus biotype of Cx. p. pipiens as a human disease vector has led to a search for markers to readily identify these two forms.
Despite the numerous biological differences that distinguish Cx. pipiens f. molestus from Cx. p. pipiens, reliable identiÞcation of Cx. pipiens f. molestus by using morphology and/or molecular tools and phylogenetic placement of this form within the Cx. pipiens complex remains unresolved. Morphological and biochemical studies using larval chaetotaxy, variation in length of dorsal and ventral arms of the phallus in adult males (DV/D ratios), and chromatography have all failed to reliably separate these two forms (Jobling 1938 , Mattingly 1952 , Micks 1954 , Harbach et al. 1984 . Micks and Scrollini (1954) identiÞed biochemical differences among Cx. p. pipiens, Cx. p. quinquefasciatus Say, and Cx. pipiens f. molestus by using infrared spectrometry. Recently Fonseca et al. (2004) reported unique microsatellite signatures among worldwide populations of Cx. p. pipiens and Cx. pipiens f. molestus. This report was followed by Bahnck and Fonseca (2006) who developed a rapid molecular assay to differentiate between Cx. p. pipiens, Cx. pipiens f. molestus, and putative hybrid populations based on sequence differences in the genomic regions ßanking the CQ11 microsatellite locus. These advances provide evidence of a molecular and genetic basis for the observable phenotypes that distinguish Cx. p. pipiens and Cx. pipiens f. molestus, but they also demonstrate that progress in identifying genetic differences between them has been challenging despite decades of work. IdentiÞcation of additional markers and a more thorough characterization of genetic differences between Cx. p. pipiens and Cx. pipiens f. molestus are needed as well as further evidence supporting the evolutionary origin of Cx. pipiens f. molestus.
Two hypotheses predominate regarding the origin of Cx. pipiens f. molestus populations. Byrne andhypothesis that Cx. p. pipiens and Cx. pipiens f. molestus are genetically distinct forms and that northern European underground populations were founded instead by a southern autogenous, mammal-feeding form that moved northward and colonized underground habitats. This conclusion was reached because the genetic signature of the underground, autogenous specimens from London and northern Europe was more similar to African and Middle Eastern autogenous populations than with sympatric, aboveground Cx. p. pipiens. It was further postulated that North American Cx. p. pipiens had a hybrid ancestry between Old World Cx. p. pipiens and Cx. pipiens f. molestus Table 1 . Cx. pipiens f. molestus from New York City (NYC) were deÞned at the time of collection by subterranean habitat, autogenous reproduction, stenogamy, and mammalian blood-feeding behavior. Cx. p. pipiens from NYC and Syracuse were collected aboveground by resting collections and larval collections from storm drains and containers. Specimens from Baltimore, Co., MD, were aspirated in mid-March from a known overwintering site for this species. Specimens from Pennsylvania also were collected aboveground as part of mosquito surveillance and control programs. All Cx. p. pipiens and Cx. pipiens f. molestus samples listed in Table 1 were evaluated by SSCP, described below. Microsatellite analysis was performed only on Þeld-collected samples of Cx. p. pipiens, and Cx. pipiens f. molestus from NYC and Syracuse as well as Shasta, San Bernadino County, and Coachella Valley populations from California. Due to geographic proximity, Cx. p. quinquefasciatus populations from San Bernadino and Coachella Valley were treated as one population for the microsatellite analysis. DNA was extracted from whole mosquitoes by a modiÞed salt procedure as described previously (Norris et al. 2001, Kent and Norris 2005) .
Polymerase Chain Reaction. The relative quality of all DNA extractions was evaluated by PCR ampliÞca-tion of a fragment of the mitochondrial NADH dehydrogenase subunit four (ND4) by using arthropodspeciÞc primers (Simon et al. 1994, Kent and Norris 2005) . Molecular identiÞcation for all samples was obtained using the Crabtree et al. (1995) PCR diagnostic to conÞrm placement of each specimen in the Cx. pipiens complex. The Crabtree et al. (1997) , Aspen and Savage (2003) , and Smith and Fonseca (2004) Crabtree et al. (1997) PCR assay, alternative forward and reverse primers were designed manually from the original SH60 sequence (GenBank accession no. U90782). The F4 forward primer was shifted Þve bases to the right, and the R4 reverse primer was similarly shifted both to the right 20 bases and to the left Þve bases. The 5Ј to 3Ј sequence of the alternative, left-shifted reverse primer used successfully with the reported F4 forward primer (Crabtree et al. 1997 ) was ACTGCCCACCCACTCCATAG. DNA ampliÞcations were completed on a MJ Research PTC-200 thermal cycler (Bio-Rad Laboratories, Hercules, CA) and visualized on ethidium bromide-stained 2% agarose gels. All gels were run with GeneRuler 100-bp molecular mass marker (MBI Fermentas, Hanover, MD).
SSCP Analysis
To identify nucleotide substitutions, insertions, and deletions within and between mosquito populations, Cx. p. pipiens and Cx. pipiens f. molestus SH60 PCR products derived from the Crabtree et al. (1997) PCR diagnostic were compared by SSCP following the methods of Hiss et al. (1994) with some modiÞcation. Four microliters of PCR product was mixed with 8 l of denaturing loading mix (DLM stock solution: 0.005 g of xylene cyanol blue ϩ 0.005 g of bromophenol blue ϩ 9.0 ml of deionized formamide ϩ 0.2 ml of 1 M NaOH ϩ 0.8 ml of double distilled H 2 O), heated at 95ЊC for 5 min, and then immediately plunged into ice. Samples were electrophoresed at 4ЊC at constant power on medium-format 5% native polyacrylamide gels and stained with SYBR Green (Cambrex BioScience Rockland Inc., Rockland, ME) for band visualization. Variation in banding patterns was assessed manually by comparing the relative mobility of both upper and lower bands among samples run on the same gel (Black and DuTeau 1997 with the QIAquick PCR PuriÞcation or Gel Extraction kits (QIAGEN, Valencia, CA) and cloned using chemically competent TOP10 One Shot Escherichia coli (TOPO TA Cloning kit with pCR 2.1-TOPO vector catalog K4500-01, Invitrogen, Carlsbad, CA) to evaluate differences between SH60 variants. Transformed E. coli were grown at 37ЊC overnight on LB agar plates containing 50 g/ml carbenicillin, and transformed colonies were identiÞed by blue-white selection. The SH60 insert was recovered from individual colonies by the Crabtree et al. (1997) PCR, and amplicons from 10 to 15 clones from each mosquito in a series of individual mosquitoes representing each taxon were evaluated for inter-and intra-individual variability by SSCP. Clones representative of unique SH60 mobility classes on SSCP were selected for sequencing. Sequencing was performed using the universal M13 forward and reverse primers to ensure sequence information for the entire fragment was obtained. Multiple sequence alignments were performed using Multalin (Corpet 1988 Table 2) .
Microsatellites. To corroborate the SSCP results, 12 microsatellite loci were selected for analysis (Table 3) . Primers designed by Fonseca et al. (1998) and Keyghobadi et al. (2004) had previously demonstrated to be polymorphic within the Cx. pipiens complex and among related species (Fonseca et al. 2000 Smith et al. 2005 ). An alternate reverse primer for locus CQ11 was used due to nulls and misampliÞcation by the original primer set (Smith et al. 2005 ). The Cx. tarsalis Coquillett microsatellite loci used for this study represent a subset of loci that were experimentally determined to amplify from Cx. pipiens complex mosquitoes. All PCR reactions were performed in 20-l reaction volumes containing 10 mM Tris, pH 8.3, 50 mM KCl, 1.5 mM MgCl 2 , 0.01% gelatin; 1.0 mM dNTPs; 1.0 U of Taq polymerase, and 25 pmol (0.25 M) each of forward and reverse primer. An initial denaturation of 5 min at 96ЊC was followed by 30 cycles of 94ЊC for 40 s, 54ЊC for 45 s, and 72ЊC for 45 s. The Þnal 72ЊC extension step was 45 min (Norris et al. 2001) . The forward primer in each reaction was labeled with a ßuorescent marker (FAM, TET, or HEX) compatible with ABI PRISM (PerkinElmer Life and Analytical Sciences, Boston, MA) electrophoresis. Single locus PCR products were mixed for multiplexed analysis (CxpGT4 ϩ CxpGT46 ϩ CQ26; CxpGT9 ϩ CQ29 ϩ CQ11; CUTA1ϩCUTD107ϩCUTD4; CUTD120ϩCUTB1ϩCUTD113). Multiplexed products were evaluated on an ABI Prism 3100-Avant Genetic Analyzer (Applied Biosystems, Foster City, CA), and data were analyzed using GeneScan and GenoTyper Fragment Analysis software packages to derive microsatellite genotypes and allele sizes (Applied Biosystems). Arlequin version 1.1 (Schneider et al. 1997) (Aspen and Savage 2003, Smith and . We identiÞed consistent differences in genetic diversity in the Cx. p. pipiens-speciÞc SH60 fragment described by Crabtree et al. (1997) between Cx. p. pipiens and Cx. pipiens f. molestus populations in New York. Because this fragment was Cx. p. pipiensspeciÞc, no ampliÞcation could be obtained from Cx. p. quinquefasciatus for comparison, even when forward and primers were shifted in either direction. The identity and genomic location of the SH60 fragment remains unknown; however, the serendipitous observation of differential SSCP banding patterns between Cx. p. pipiens and Cx. pipiens f. molestus prompted Keyghobadi et al. (2004) further investigation into SH60 diversity between biotypes and across geographic locations. Both colony and Þeld-collected Cx. p. pipiens are highly polymorphic at this locus, whereas Cx. pipiens f. molestus have greatly reduced diversity (Fig. 1) . SSCP analysis of additional Cx. p. pipiens populations listed in Table 1 revealed similar patterns of inter-and intra-individual diversity as illustrated in Figs. 1 and 2 (data not shown). The complex banding patterns observed in individual Cx. p. pipiens specimens were the result of multiple SH60 variants ampliÞed simultaneously during PCR ( Fig. 2A, B ). Variants were identiÞed through SSCP analysis of PCR products from genomic DNA and clones from the same individual mosquito electrophoresed side by side. When evaluating all Cx. p. pipiens and Cx. pipiens f. molestus populations sampled, some SH60 variants were shared among Cx. p. pipiens individuals from widely separated locations, for example Cpp24F (Syracuse, NY) and Cpp10P (New York City, NY) ( Table 2) . To address the possibility that Cx. pipiens f. molestus contained additional SH60 variants that were not ampliÞed due to mutations in the priming region, one additional forward and two reverse primers were manually selected by shifting the existing primers in either direction. Primer combinations consisting of a novel forward primer shifted inward Þve bases coupled with the either the original reverse or a novel reverse shifted to the right 20 bases, did not amplify the target sequence from either Cx. p. pipiens or Cx. pipiens f. molestus templates. The primer combination that used the existing F4 forward primer together with a novel reverse primer shifted to the left Þve bases did produce the expected product in both Cx. p. pipiens and Cx. pipiens f. molestus. Using the latter alternative primer set, still only one SH60 variant was ampliÞed from Cx. pipiens f. molestus, whereas multiple variants were ampliÞed from Cx. p. pipiens.
Finally, a multiple sequence alignment of SH60 clones from Cx. p. pipiens and Cx. pipiens f. molestus revealed that the observed diversity of SH60 banding patterns was generated by nucleotide polymorphism at a limited number of variable sites. Notably, all four Cx. pipiens f. molestus SH60 clones contained an adenine residue at position 187, whereas each of the 14 clones from Cx. p. pipiens contained cytosine (Table  2 ) at this position. Despite this Þnding, attempts to develop a reliable restriction fragment length polymorphism diagnostic to differentiate between Cx. p. Fig. 2 . Genomic DNA and corresponding clones of the SH60 fragment illustrating that Cx. pipiens f. molestus contains a single SH60 variant, whereas Cx. p. pipiens specimens contain multiple variants that are additive to form the complex banding patterns seen in Fig. 1. (A) pipiens and Cx. pipiens f. molestus based on this single mutation were unsuccessful. In addition, extreme sequence diversity was observed at the remaining variable positions among the Cx. p. pipiens SH60 variants (Table 2) .
Microsatellites. Of the 12 microsatellite loci evaluated, only CUTB1, CUTD113, CxpGT4, CxpGT46, and CQ11 complied with HardyÐWeinberg equilibrium in at least three of Þve populations (Tables 3 and 4) . These results could be due to small sample sizes in some populations or the existence of null alleles. Therefore, only these Þve loci were included in population analyses. Diversity indices for these loci are reported in Table 4 for New York Cx. p. pipiens and Cx. pipiens f. molestus. Cx. pipiens f. molestus in NYC were monomorphic at locus CQ11 for a 283 bp allele. Table 6 .
Discussion
Numerous attempts were made to identify genetic differences between Cx. p. pipiens and Cx. pipiens f. molestus. There were no consistent differences between these forms in the small subunit ribosomal 12S (EF028702, EF028703), CO1 (DQ072277, DQ072278, DQ072279), or ND4 (EF028084, EF030092). Additionally, screening of Cx. p. pipiens and Cx. pipiens f. molestus from New York with 10 different random ampliÞcation of polymorphic DNA-PCR primers (SigmaGenosys, GEN1Ð10, 50% GϩC) did not reveal any consistently unique amplicons for either form. However, the serendipitous analysis of the Cx. p. pipiensspeciÞc SH60 fragment identiÞed by Crabtree et al. (1997) resulted in some interesting discoveries.
Our analysis of the SH60 fragment can be interpreted in two ways. First, taking into account the diversity of the SH60 amplicon in Cx. p. pipiens populations versus Cx. pipiens f. molestus, these data may suggest that this population of Cx. pipiens f. molestus in NYC was locally founded from aboveground populations of Cx. p. pipiens through a geographically independent colonization event associated with a dramatic genetic bottleneck. This colonization event resulted in a genetically similar sympatric population but with greatly reduced diversity. Alternatively, these PCR, SH60, and microsatellite data may support the idea that these observed differences distinguish Cx. pipiens f. molestus from Cx. p. pipiens as genetic entities. Consistent genetic differences were identiÞed between Cx. p. pipiens and Cx. pipiens f. molestus at the SH60 locus, and these results are easily interpreted in the context of the rapid assay published by Bahnck and Fonseca (2006) . Supporting data for these two hypotheses are presented below.
We have demonstrated that New York Cx. p. pipiens populations as well as additional Cx. p. pipiens popu- lations from around the United States, are highly polymorphic at the SH60 locus, whereas NYC Cx. pipiens f. molestus are genetically consistent. Two SH60 variants differing by a single nucleotide substitution at position 239 were identiÞed in Cx. pipiens f. molestus from NYC, with individual mosquitoes each containing only a single variant. In contrast, individual Cx. p. pipiens invariably contained multiple SH60 variants, with the number of variants existing in each collection of mosquitoes too large to be completely catalogued in this study. For example, 18 NYC Cx. p. pipiens comprised 11 unique SSCP banding patterns. From cloning, each banding pattern represented a composite of between two and Þve different SH60 variants that were ampliÞed simultaneously during PCR. The 30 Cx. p. pipiens specimens from Syracuse, NY contributed an additional 20 SSCP banding patterns unique from those observed in NYC Cx. p. pipiens (data not shown). Some of the SH60 variants were shared between individuals in these two locations (Table 2) . Cloning, SSCP, and sequencing analysis of amplicons generated by alternative primers ßanking the SH60 fragment conÞrmed that Cx. pipiens f. molestus individuals contained only a single SH60 variant, whereas Cx. p. pipiens individuals contained multiple variants. Thus, diversity in Cx. pipiens f. molestus at the SH60 locus was not underestimated due to polymorphisms in the PCR priming region. Finally, because the SH60 fragment was Cx. p. pipiens-speciÞc, it could only be ampliÞed from Cx. p. pipiens and Cx. pipiens f. molestus, nullifying the use of a phylogenetic analysis due to absence of the outgroups necessary to provide context.
Contrary to what would be expected if the reduced diversity in Cx. pipiens f. molestus is indeed due to a founderÕs effect, the diversity at this locus seems to be maintained in colony Cx. p. pipiens populations. Because the identity and genomic location of the SH60 fragment is unknown, it is difÞcult to interpret these results. One possible explanation is that the Cx. p. pipiens colonies evaluated did not experience a severe bottleneck due to recent colonization, founding from a larger number of individuals, reproduction of many individuals each generation, and/or subsequent introductions into the colony to maintain genetic diversity. A more plausible explanation is that the SH60 fragment is genetically linked to a Cx. pipiens f. molestusassociated trait, leading to its Þxation in those populations and apparent absence of genetic selection or reduction in Cx. p. pipiens colonies. Linkage of phenotypes with genetic elements controlling autogeny has been investigated previously (Spielman 1957) .
All SH60 clones from 38 Cx. p. pipiens, representing both NYC and Syracuse collections, were analyzed by SSCP simultaneously with SH60 amplicons from Cx. pipiens f. molestus. No shared SH60 variants were identiÞed between either of these Cx. p. pipiens collections and Cx. pipiens f. molestus from NYC. However, due to the enormous variability in SH60 variants among Cx. p. pipiens, exhaustive sequencing of all SH60 variants was not completed, and the presence of shared variants between these two biotypes cannot be ruled out. Should shared SH60 variants be discovered, this Þnding would argue in favor of a founderÕs effect and local origination of this Cx. pipiens f. molestus population from surface-dwelling Cx. p. pipiens. Because the analysis stands however, NYC Cx. pipiens f. molestus embodied a unique SSCP banding pattern characterized in part by an adenosine residue at position 187 that was not shared by any other sequenced Cx. p. pipiens clones.
These PCR and SSCP experiments were supplemented with a population analysis at Þve microsatellite loci, including Cx. p. pipiens and Cx. p. quinquefasciatus collections from California as geographic outgroups. The Cx. pipiens f. molestus population had less microsatellite allelic diversity at each locus as compared with sympatric populations of Cx. p. pipiens from NYC (Table 4) . Additionally, there was at least one shared allele between Cx. pipiens f. molestus and Cx. p. pipiens from both New York locations at all Þve loci. The shared alleles present in the Cx. pipiens f. molestus population were likely derived from contemporary or ancestral genetic exchange with surfacedwelling Cx. p. pipiens. The reduced allelic diversity across all microsatellite loci in general in Cx. pipiens f. molestus relative to Cx. p. pipiens mirrors the results of the SH60 fragment analysis.
At microsatellite locus CQ11, which is purportedly diagnostic in size for Cx. pipiens f. molestus (Bahnck and Fonseca 2006) , all 16 NYC Cx. pipiens f. molestus were monomorphic for a 283-bp allele (Tables 4 and  6 ). This Þnding is similar with that reported by Fonseca et al. (2004) in which the majority of Cx. pipiens f. molestus contained a 285-bp allele, and Bahnck and Fonseca (2006) , in which CQ11 for Cx. pipiens f. molestus was 284 bp. Slight differences in allele size between this study and previous publications could be due to differences in the settings used to designate alleles. (Table 5) . Because this latter cross is known to occur in the United States throughout the hybrid zone between the 36th and 39th parallels (Barr 1957) , the estimated gene ßow between Cx. p. pipiens and Cx. pipiens f. molestus is also likely to be biologically signiÞcant. The Þnding of relatively greater gene ßow between Cx. pipiens f. molestus and Cx. p. pipiens could be the result of a common ancestry between these two biotypes, the founding or derivation of Cx. pipiens f. molestus from Cx. p. pipiens, or the existence of some degree of ongoing but restricted gene ßow between sympatric Cx. p. pipiens and Cx. pipiens f. molestus populations.
The key data from all aspects of this study are summarized in Table 6 , from which we posit the following hypotheses. Our collection of Cx. pipiens f. molestus collected from the 91st St. sewer in NYC represents a population of true molestus and is characterized by one SH60 variant per individual mosquito ϩ indicates that not all SH60 variants present in that individual were identiÞed by cloning, so the true no. is unknown. Pure molestus are Þxed at the CQ11 locus for allele 283, and contain one SH60 variant which in this case has the one point mutation unique from all pipiens analyzed.
Populations that have mixed gene ßow between P and M have additional microsatellite alleles present and at the population level, show both P and M and P/M types on the rapid assay, and have more than one SH60 variant per individual. The rapid assay is only accurate for the F1 generation in showing true hybrids, after which recombination and backcrossing will skew results if viewed only on an individual basis. Therefore, hybrid populations may have individuals that are homozygous for either P or M CQ11 alleles or have one or more SH60 variant. In Cpp01, the 283 allele has been lost altogether.
There is or was at one point, gene ßow between surface and subterranean populations. As a result, we also observe "M" types that have multiple SH60 variants (Cpp10), and "P" types that have only one SH60 variant (Cpp20), and individuals such as Cpp01 which have the P/M molecular type and multiple SH60 variants but not the CQ11 283 allele (Table 6 ). Bahnck and Fonseca (2006) cautioned that their PCR results must be interpreted on the population level, because after the F1 generation the assay is not accurate in identifying individual mosquitoes of hybrid ancestry due to independent assortment and recombination among microsatellite alleles. This phenomenon is evident through the presence of "P," "M," and "P/M" types among individual mosquitoes collected from the same geographic location (i.e., St. Albans, NYC, and Prospect Park, NYC, Table 6 ). This latter hypothesis is also supported by the microsatellite analysis which demonstrates the presence of reduced but biologically signiÞcant degree of gene ßow between Cx. p. pipiens and Cx. pipiens f. molestus ( 
